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Orientation relationshipa b s t r a c t
This work presents the results of a microstructural characterization of the Ti–35Nb alloy deformed by
cold rolling. Initially, samples of the Ti–35Nb (wt%) alloy were obtained by electric arc melting. After
melting, these samples were solution heat-treated at 1000 C for 8 h and water quenched. The resulting
microstructure was composed of b-phase (bcc) combined with orthorhombic martensite (a00). Samples
were cold-rolled in multiple passes to reduce their thickness by up to 85% without intermediary
annealing. They were then characterized by light optical microscopy, X-ray diffraction and Vickers hard-
ness measurements. Young’s modulus was determined by ultrasonic methods and nanoindentation mea-
surements. The texture evolution and orientation relationship between phases were studied by X-ray
diffraction and electron backscatter diffraction (EBSD). The results reveal the presence of shear bands
in the deformed samples, an orientation of the orthorhombic martensite phase in relation to the rolling
direction, and variations of Young’s modulus in response to deformation. The textural results of the b-
phase show a typical bcc rolling texture with strong (110) fiber and weak (111) fiber. The intensity of
the (110) fiber increases with deformation.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Titanium alloys present interesting combinations of mechanical
and physical properties, including high strength-to-weight ratios
and excellent corrosion resistance [1,2]. Due to their characteris-
tics, these materials are used for a variety of applications in the
chemical, biomedical and nuclear industries. The most suitable
properties for each application are obtained by a combination of
microstructures, which result from phase transformations in these
alloys.
Titanium alloys can be classified into three groups: a alloys,
a + b alloys and b alloys. The Ti–6Al–4V alloy, the main represen-
tative of a + b alloys, has long been used extensively in the produc-
tion of orthopedic implants, replacing commercially pure titanium.
This widespread use is attributed to its interesting properties,
which include high mechanical strength. New alloys are being
developed to replace the Ti–6Al–4V alloy in orthopedic implants[3]. Vanadium is considered toxic and a potential danger to the
health of people with these implants [4]. Aluminum can also be
harmful, causing localized inflammation [5], and may also be
related to neurological disorders [6]. As a result, b titanium alloys
have become alternative materials for the production of orthopedic
implants [7]. Orthopedic b titanium alloys are obtained from
biocompatible, nontoxic elements such as niobium, zirconium
and tantalum and may present a lower Young’s modulus than that
of a + b alloy. Structural biomaterials employed as orthopedic
devices must present an elastic modulus similar to that of bone
(cortical bone is only about 17 GPa) [8]. In the case of b titanium
alloys, this modulus may be as low as 50 GPa [9]. In addition, mate-
rials used in permanent implants in the human body must exhibit
biocompatibility and corrosion resistance to provide osseointegra-
tion and biofunctionality [10].
b titanium alloys have the potential to replace a + b alloys in the
manufacture of orthopedic implants in the near future. This fact
has been stimulating research on the mechanisms and parameters
of influence involved in the definition of the microstructure of
these alloys, leading to the development of materials with ideal
behavior for orthopedic applications. The rapid cooling of solution
heat-treated b titanium alloys in the b field results in

































Fig. 1. The Ti–35Nb alloy in the solution heat-treated condition: (a) Microstructure
(LOM – Nomarski contrast); (b) X-ray diffraction patterns.
Table 1
Vickers micro- and nanohardness and Young’s modulus measured by the ultrasonic









65 ± 1 63 ± 3 181 ± 4 194 ± 6
654 A.O.F. Hayama et al. / Materials and Design 60 (2014) 653–660microstructures composed of martensitic and b phases [11]. These
phases usually present low values of Young’s modulus and
mechanical strength. However, the application of aging heat treat-
ment at intermediate temperatures can improve their mechanical
behavior by promoting phase transformation and replacing the
previous microstructure with a combination of a and b phases
[12]. In b titanium alloys, the effect of plastic deformation on phase
transformations during aging heat treatments is not well known. It
is possible that deformation produced by cold rolling can play an
important role in the way a phase is precipitated, and hence,
may alter the phase distribution and final microstructure.
This paper discusses the effect of plastic deformation on the
microstructural evolution of b Ti–Nb subjected to aging heat
treatment and analyzes the texture evolution and orientation
relationship between phases.
2. Experimental details
The starting material was obtained by electric arc melting, then
sealed in quartz glass and solution heat-treated at 1000 C for 8 h,
followed by quenching in water at room temperature. The result-
ing microstructure was composed of b phase and orthorhombicmartensite (a00). Solution heat-treated samples were deformed by
cold rolling in multiple passes, which reduced their thickness by
up to 85% without requiring intermediary annealing. At each defor-
mation pass, a sample was removed for characterization. In this
paper, the acronym RD indicates the rolling direction, TD indicates
the transverse direction and ND indicates the normal direction of
the rolled sheet. Specimens were cut out parallel to the RD. The
samples were prepared for metallographic analysis with a solution
composed of 260 mL of OP-S, 1 mL of HNO3 and 0.5 mL of HF. The
microstructure was revealed with a metallographic etchant com-
posed of H2O, HF and HNO3, in a proportion of 85:10:5 (in volume);
etching time varied from 10 to 20 s.
The material was characterized by X-ray diffraction, Vickers
microhardness, light optical microscopy (LOM), ultrasonic
techniques (US), nanoindentation measurements and analyses of
nitrogen and oxygen. X-ray diffraction measurements were taken
using Cu Ka radiation in a PANalytical X’Pert PRO diffractometer.
Vickers microhardness tests were carried out on polished samples
in the solution heat-treated and deformed conditions, applying a
load of 100 g on their transverse section. The microstructures of
initial and deformed samples were examined under an Olympus
BX60M light optical microscope (LOM) equipped with a digital
camera for image acquisition (Evolution LC Color) coupled to image
analyzer software (Materials-Pro). Young’s modulus (E) was deter-
mined by ultrasonic techniques (US) and measurements were
taken with a Panametrics-NDT 5072PR pulser-receiver with
5 MHz transducers. A coupling material was placed between the
transducer and the sample. Nanoindentation measurements used
for the determination of Young’s modulus were taken with a
CSM Instruments Nanoindentation Tester under a load of
100 mN. Oxygen and nitrogen were analyzed in a LECO TC400
gas analyzer.
Texture was examined in a Philips XPRO X-ray diffractometer
(XRD) with Cu Ka radiation. XRD was used to measure three
incomplete pole figures (110), (211) and (222) of the b phase
and (200) and (131) of the a00 phase. Pole figures were measured
using a maximum tilt of 80 on the central layer of the sheet.
Orientation distribution functions (ODF) were calculated for these
three pole figures of the b phase using the ADC method with
Labotex software. An HKL Channel 5 system attached to a Philips
XL-30 scanning electron microscope was used for orientation
relation studies.3. Results and discussion
3.1. Solution heat-treated condition
The oxygen and nitrogen content of the Ti–35Nb samples in the
solution heat-treated condition were 0.111 wt% and 0.0155 wt%,
respectively. These interstitial contents are in agreement with
the ASTM: B-348-13 standard. The microstructure of the Ti–35Nb
samples consisted of coarse grains with a diameter of approxi-
mately 3 mm (Fig. 1a). The samples in this condition showed a high
volumetric fraction of orthorhombic martensite (a00).
Fig. 1b shows XRD patterns of the Ti–35Nb alloy in the solution
heat-treated condition. Peaks of b and a00 phases were identified.
Rapid quenching from temperatures in the b field of Ti alloys with
large amounts of b-stabilizing elements resulted in the formation
of orthorhombic martensite a00 and stabilization of the b phase.
The minimum amount of b-stabilizer element needed to complete
retain the b phase (metastable b) is 36 wt% Nb [13]. This may
explain the amount of martensite observed in the microstructure.
Table 1 shows the results of Vickers micro- and nanohardness
and of Young’s modulus measured by the ultrasonic and nanoin-
dentation techniques. The hardness and Young’s modulus results

















Fig. 2. Work-hardening behavior of the Ti–35Nb alloy during cold rolling.
A.O.F. Hayama et al. / Materials and Design 60 (2014) 653–660 655obtained by these two techniques showed a good consistency.
Ozaki et al. [13] studied alloys in the Ti–Nb system and found that
the lowest values of Young’s modulus in the range of compositions




Fig. 3. Microstructures of the Ti–35Nb alloy deformed up to: (a) 24%, (b) 3heat-treatment. The Young’s modulus they determined was
approximately equal to 70 GPa for solution heat-treated samples
of the Ti–35Nb alloy and is similar to that obtained in this work.3.2. Deformed specimens
In the solution heat-treated condition, the Ti–35Nb alloy is
highly ductile and can be rolled to very large strains at room tem-
perature. In this work, we successfully deformed the Ti–35Nb alloy
up to 85% by cold rolling. Samples corresponding to thickness
reductions varying from 24% to 85% were obtained. Fig. 2 shows
the work-hardening behavior of the Ti–35Nb alloy deformed by
cold rolling. A tendency for saturation was observed when the
thickness reduction exceeded 72%.
The microstructure of the Ti–35Nb alloy after cold rolling was
characterized by light optical microscopy, using preferentially the
Nomarski contrast technique to accentuate the relief of the
samples. Generally speaking, the samples presented deformation
heterogeneities, such as shear bands, which occurred in more
strongly deformed samples.
An observation of the Ti–35Nb alloy microstructure indicates
that the subdivision of grains during plastic deformation varied
from one grain to another, and was characterized by differentb) 
d)
(f) 
7%, (c) 52%, (d) 65%, (e) 72%, and (f) 85% (LOM – Nomarski contrast).
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Fig. 4. X-ray diffraction patterns analyzed on a rolling plane of the Ti–35Nb alloy as a function of cold rolling.
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Fig. 5. Young’s modulus determined by ultrasonic methods and nanoindentation
measurements of samples of the Ti–35Nb alloy deformed up to 85%.
Fig. 6. Correspondence between b and a00 phases [16].
656 A.O.F. Hayama et al. / Materials and Design 60 (2014) 653–660volume fractions of the a00 phase induced by deformation inside
the grains. This characteristic is illustrated in Fig. 3a and b,
which shows the microstructure of samples with 24% and 37%
thickness reduction, respectively. In these samples, alignments
of the a00 phase in relation to the rolling direction were also
verified.Higher plastic deformations of up to 52% led to deformation
heterogeneities and the microstruture became lamellar, with
boundaries aligned parallel to the rolling direction (Fig. 3c). At very
high strains (above 52%), deformation heterogeneities appeared in
the microstructure to accommodate the increasing strain in the Ti–
35Nb alloy, especially shear bands. These bands formed angles of
30–35 with the RD. Fig. 3c and f shows the presence of shear
bands in the microstructure. These bands are important deforma-
tion heterogeneities which act as preferential nucleation sites for
Fig. 7. The Ti–35Nb alloy deformed up to 85%: (a) EBSD phase map; (b) orientation distribution map. The unit triangle with a color scheme to guide the eye is also indicated.
Fig. 8. (200) pole figure of the martensite phase: (a) measured by EBSD; (b) calculated.
A.O.F. Hayama et al. / Materials and Design 60 (2014) 653–660 657recrystallization when the previously deformed material is sub-
jected to high temperatures [14].
Fig. 4 shows XRD patterns of the Ti–35Nb alloy deformed by
cold rolling. This diffractogram shows diffraction peaks of b and
a00 phases. The intensities of the b phase diffraction peaks did not
change significantly in response to rolling reduction, suggesting
that the amount of the orthorhombic phase does not increase
significantly with deformation. Matsumoto et al. [15] observed a
similar behavior in their study of the Ti–35Nb–4Sn (wt%) alloy.
They also observed that a different type of martensite texture
becomes predominant during cold plastic deformation.
Young’s modulus of the deformed samples was determined by
the ultrasonic method and from nanoindentation measurements.
Fig. 5 shows the variation of Young’s modulus with the increase
in deformation by cold rolling. The results obtained by the two
techniques are in good agreement. In the deformed samples, a var-
iation was noted in the values of Young’s modulus, which
increased in samples deformed to 52% and decreased in samples
deformed to 85%. Matsumoto et al. [15] also reported a variation
in Young’s modulus in the Ti–35Nb–4Sn (wt%) alloy. They found
that Young’s modulus increased slightly at 30% rolling reductionand decreased as this reduction increased from 50 to 89% and
according to them, these changes may be connected with martens-
ite texture due to stress-induced martensitic phase transformation.
They suggested that a decrease in Young’s modulus is due to the
development of (200)a00/[010]a00 texture, while an increase may
be a result of the development of texture of other than (200)a00/
[010]a00.
Martensite in Ti–Nb alloys changes from a hexagonal to an
orthorhombic crystal structure as the Nb content increases
[16,17]. Water quenched Ti–35Nb (wt%) alloy exhibits a martensitic
transformation from b (body-centered cubic) to orthorhombic (a00)
martensite. The schematic illustration in Fig. 6 shows a lattice cor-
respondence between b and a00 phases. Kim et al. [18] measured the
lattice constants of the b and a00 phases in the Ti–35Nb at room tem-
perature and found for cubic a0 = 0.329 nm and for orthorhombic
a00, respectively, a’ = 0.317 nm, b’ = 0.4809 nm and c’ = 0.466 nm.
The space group of the orthorhombic phase is CMCM (63).
The orientation relationship proposed by Kim et al. [18] to
relate b phase and a00 orthorhombic phase is:
½100a00==½100b ½010a00==½011b ½001a00==½0 11b
Fig. 9. Bunge 45 ODF sections analyzed on the rolling plane of samples of the Ti–35Nb alloy cold rolled up to: (a) 24%, (b) 37%, (c) 52%, (d) 65%, (e) 72%, and (f) 85%.












































CA ð2ÞFollowing the procedure described in reference [19], we calcu-
lated the coordinate transformation matrix (a00 J b) using the
equation:








Fig. 7a and b shows, respectively, the EBSD phase map and ori-
entation distribution map for the two phases (a00 and b). The red
area in both figures corresponds to b-phase. The total area studied
by EBSD is confined in the same b grain and its orientation is
defined by Euler angles u1 = 336, / = 20 and u2 = 41. The
Fig. 10. IPF analyzed on the rolling plane of samples of the Ti–35Nb alloy cold rolled up to: (a) 24%, (b) 37%, (c) 52%, (d) 65%, (e) 72%, and (f) 85%.
A.O.F. Hayama et al. / Materials and Design 60 (2014) 653–660 659orientation map shows two different variants for the martensite
phase. Fig. 8a shows the (200) pole figure for martensite phase.
Fig. 8b is the (200) pole figure calculated with the matrix (a00 J b)
and assuming that 4 variants would be present after transforma-
tion. The calculated and measured pole figures show a slight differ-
ence in misorientation, but the calculated coordinate
transformation matrix (a00 J b) appears to be a good approximation
to the transformation matrix from b-bcc to a00-orthorhombic. The
calculated pole figure contains more poles than the measured
one. This is due to variant selection, which is more intense than
that proposed in the model.
One possibility for using these alloys is after they have under-
gone a cold rolling process. It is therefore important to study the
evolution of the texture in response to deformation. Raabe et al.
[20] studied texture evolution in the b phase (body-centered cubic)
during rolling of several Ti–Nb compositions. They reported that
these alloys showed a typical bcc rolling texture with a strong
alpha fiber and a weak gamma fiber [19].
In the present work, the evolution of crystallographic texture in
the b phase was evaluated by X-ray diffraction and the variations
in the Young’s modulus were attributed to the development of b
phase texture during the cold rolling of this alloy. Figs. 9 and 10
show the ODF (Orientation Distribution Function) and IPF (Inverse
Pole Figure), respectively, analyzed in the rolling plane of the Ti–
35Nb alloy subjected to cold rolling varying from 24% to 85%.
The IPF shows how the selected direction in the sample’s reference
frame is distributed in the reference frame of the crystal. In these
figures, h001i corresponds to ND and h100i to RD.
The rolling texture of many bcc materials is characterized by
two crystallographic fibers, the a-fiber with h011i//RD and thec-fiber with {111}//ND. The texture of the 24% deformed sample
is very weak. Increasing the deformation to 37% and 52% of thick-
ness reduction causes the formation of c and a fibers, but the most
intense component in these samples is between {001}h100i and
{001}h110i. Samples deformed to 65% (Figs. 9d and 10d) and
72% (Figs. 9e and 10e) present texture components {001}h110i,
{112}h110i and {111}h101i. The sample deformed up to 85% pre-
sents a reduction in component {001}h110i and an increase in the
intensity of component {111}h101i. The evolution of the rolling
texture of these alloys is more evident in Fig. 10 that shows the
sequence of IPF0s from 24% deformed to 85% deformed.
The texture analysis of the orthorhombic phase involved the
analysis of pole figures (200) and (131), which were the only ones
with sufficient intensity to measure pole figures in all the stages of
plastic deformation. Fig. 11 shows the a00 rolling texture drawn by
(200) and (131) pole figures obtained in the rolling plane as a
function of rolling reduction. Pole figures from samples deformed
by more than 65% show components f1 21g h214i and f1 42g
h213i.4. Conclusions
The Ti–35Nb samples were obtained by electric arc melting,
solution heat-treated, followed by quenching in water at room
temperature. The resulting microstructure was composed of b
phase and orthorhombic martensite (a00). These samples were
deformed by cold rolling in multiple passes, which reduced their
thickness by up to 85% without requiring intermediary annealing.
The microstructural characterization of samples in the deformed
Fig. 11. PF analyzed in rolling plane for samples of the Ti–35Nb alloy cold rolled up to: (a) 24%, (b) 37%, (c) 52%, (d) 65%, (e) 72%, and (f) 85%.
660 A.O.F. Hayama et al. / Materials and Design 60 (2014) 653–660condition indicated that the martensite phase (a00) tended to align
with the rolling direction in less deformed samples (deformation
up to 37%). Moreover, the deformation process led to deformation
heterogeneities such as shear bands. The deformed samples also
showed a change in Young’s modulus, i.e., samples deformed
between 22% and 52% showed an increase in the elastic modulus.
The elastic modulus decreased in response to deformation exceed-
ing 52%. This behavior may be attributed to the development of b
texture during the cold rolling of this alloy. The textural results
of the b-phase show a typical bcc rolling texture with strong
(110) fiber and weak (111) fiber. The intensity of the (110) fiber
increases with deformation.
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